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The top quark was discovered in 1995 by the CDF and DO experiments at the Fermilab Tevatron during the
Run I operation. Since the start of the Tevatron Run II in 2001, both experiments have collected ~2 fb~! data
samples, which are over twenty times larger than that used in the Run 1 discovery. This larger data sample allows
more precise studies of top-quark properties; differences between observed top-quark properties and the Standard
Model (SM) prediction may give hints to possible physics beyond the SM. Here we present the latest results on
the measurements of top-quark properties and the search for electroweak (EW) single top quark production from
the CDF and DO collaborations. The integrated luminosity used for the measurements corresponds to about 1

bt

1. INTRODUCTION

The existence of the top quark is predicted
by the SM. The top quark (75 = +1/2 and
Q@ = 2/3) is the weak iso-spin partner of the
bottom quark. The mass of the top quark m;
is about 171 GeV/c? [1], which is much larger
than the masses of all the other quarks and is in
the same order of magnitude as the masses of W
and Z bosons. The large mass makes top-quark
properties unique and interesting both from the
viewpoint of the SM and beyond. Due to the
large mass the top quark lifetime in the SM is
expected to be about 0.5 x 10724 5. As a result
unlike any other quark the top quark in the SM
decays before hadronization [2], providing us with
the unique opportunity to study the properties
of a “bare” quark. Furthermore, the top quark
might provide insight to EW-symmetry-breaking
mechanism and could be a probe to beyond the
SM physics [3].

The top quark was discovered about twelve
years ago by the CDF and DO experiments in
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pp collisions at the Fermilab Tevatron. To-date
all the direct top quark measurements come from
these two experiments. In the hadron collisions
top quarks are predominantly produced in pairs
through the QCD processes qg — tt and gg — tt.
For Tevatron Run II at /s = 1.96 TeV the ex-
pected tt production cross section is about 7 pb
[4] for m; = 175 GeV/c?. Top quark can also be
produced in hadron collisions singly though EW
processes. The cross sections for single top pro-
duction in s-channel and ¢-channel at /s = 1.96
TeV are 0.88+£0.11 pb and 1.98 +0.25 pb, respec-
tively [5] for m; = 175 GeV/c?.

In the SM top quark decays to a W boson and
a b quark most of the time. The #f final states
are divided into three classes based on the decay
mode of the two W bosons:

1. dilepton: t — WTbW~=b — (uvbl'Tyb,
branching ratio ~10%, relatively low back-
ground;

2. lepton+jets: tt — WHbW b — q@' blv,b +
lvebgq'b, branching ratio ~43%, medium
background level; and

3. all hadronic: tt — WHbW—b — q7'bq"q"'b,
branching ratio ~46%, suffers from large
QCD background.



Here £ = e, p, or 7, though most of the lep-
ton+jets and dilepton analyses rely only on the e
and p decay modes.

The CDF and D0 experiments have studied
various aspects of the top quark [6,7]. In this
proceeding we present some of the recent results
on top quark physics using ~1 fb™! pp collision
data at /s = 1.96 TeV collected between March
2002 and March 2006. The topics are divided into
several categories as follows:

e tt production: #t production cross section,
and tt production mechanisms;

e Decay properties: helicity of the W-boson
from top decay;

Characteristics : top quark charge;

EW single top production; and

Search for beyond the SM physics.

2. Measurement of tf Production Cross
Section

The CDF and DO experiments have measured
the #f production cross section in different decay
channels and using various methods. These mea-
surements are sensitive to different systematic ef-
fects and provide tests of Quantum Cromo Dy-
namics (QCD) calculations.

A brief description of the most precise tt cross
section measurements to-date are as follows. The
analyses are performed by the CDF and DO col-
laborations in the lepton+jets channel using b-
tagged events [8,9]. The CDF analysis uses sec-
ondary vertex b-tagging algorithm [10], which
has an efficiency of ~40% per b-jet with a mis-
identification rate of ~0.5%. The events are se-
lected requiring a lepton (e or w) with trans-
verse momentum Pr > 20 GeV/c, a missing
transverse energy MET > 30 GeV, and three
or more jets with transverse energy Er > 20
GeV and at least one of the jets being iden-
tified as a b-jet. Figure 1 shows the jet mul-
tiplicity distributions for CDF II data, tf and
background events. Events with three or more
jets, which are used for the CDF measurement,
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have a tt content of 80% and higher. The mea-
sured tt cross section by the CDF collaboration
is: 8.2+ 0.5(stat) + 0.8(syst) £ 0.5(lum) pb. The
DO analysis selects events with a high Pr lepton,
large M ET, three or more high Er jets and at
least one of the the jets being identified as a b-jet
using a lifetime b-tagging algorithm [9]. The t¢
cross section measured by the DO collaboration
is: 8.3%08(stat) ™5 (syst) & 0.5(lum) pb. Both
measurements are limited by systematic uncer-
tainties, where the major sources are luminosity
(~6%), b-tagging (~6%), parton density func-
tions, and modeling of signal and background.
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Figure 1. Distribution of jet multiplicity for
events with at least one b-tagged jet. The tf con-
tribution is normalized to the measured cross sec-
tion value.

A summery of the recent cross section measure-
ments is shown in Figure 2 [6,7]; which shows that
all the measurements are consistent with each
other and are in agreement with the theoretical
expectations.
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3. tt Production Mechanism

At Tevatron the SM prediction for qg — #t
and gg — tt are ~85% and ~15%, respectively.
However these predictions have larger uncertain-
ties [4]. The measurement of the relative fraction
of these processes provide a test of perturbative
QCD calculation, and is sensitive to new tt pro-
duction mechanisms. The CDF collaboration has
measured the fraction o(gg — tt)/o(pp — tt),
using two different analysis methods, discussed
as follows. Both analyses use lepton+jets decay
channel and select events with W (£v) and four or
more jets with at least one b-tagged jet.

One analysis [11] takes advantage of the fact
the gg production channel has larger number of
low energy particles compared to the ¢g produc-
tion channel. Data and Monte Carlo samples for
dijet and W+jets processes are used to demon-
strate the correlation between average number of
gluons < N, > and average number of low Pr
tracks < Ng-r > in the events. The < Ny >
distributions for “qg” and “gg” initial state pro-
cesses are obtained using W + 0 jets data and
dijet data, respectively, which are used as tem-
plates to reconstruct likelihood function. From
the likelihood fit to the tf enriched data events
and after taking into account of the background
contributions we get a(gg — tt)/o(pp — tt) =
0.01 + 0.16(stat) £ 0.07(syst).

The other analysis [12] discriminates between
qq — tt and gg — tt processes using production
and decay kinematics. After reconstructing the
kinematics of # event, eight kinematic variables
are calculated: two variables describing the pro-
duction of the event; the remaining six variables
describing the decay using information about spin
correlations. The variables are used as inputs to a
Artificial Neural Network (NN), which is trained
to distinguish between gg — tt and gg — tt pro-
cesses. The NN output shapes are used as tem-
plates to construct a likelihood. The obtained
constrains on the o(gg — tt)/o(pp — tt) are
< 0.33 at 68% confidence level (CL), and < 0.61
at 95% CL.

4. Helicity of the W Boson from Top Decay

In the SM the fractions for longitudinally fo,
left-handed f_ and right-handed f; W bosons
from top decays are predicted to be 0.7, 0.3 and
0.0, respectively [13]. The SM expectation might
be modified due to beyond SM contributions [13,
14].

Both the CDF and DO collaborations have per-
formed measurements of the W-boson helicity
fractions [15]. Here we discuss the recent mea-
surements at the CDF experiment. The variable
used for measuring the W-boson helicity fractions
is cosf*, which is the angle between the lepton
and the W boson in the top rest frame. Due
to the helicity conservation do/dcosf* is propor-
tional to (1—cos?8*), (1—cosf*)? and (1+cos6*)2,
for longitudinal, left-handed and right-handed W-
bosons, respectively.

Two similar analyses are performed in lep-
ton+jets decay channel, using events contain-
ing W(¢v), and four or more jets with at least
one identified b-jet. The cosf* variable is ob-
tained from the kinematics of the reconstructed
tt events. The reconstructed cosf* distributions
for longitudinal, left-handed and right-handed W-
bosons are used as temples in a likelihood fit to
measure fo and f,.

Both analyses obtain very similar results; the
measurement from one of the analyses are quoted
here. From simultaneous measurement of f; and
fy+ we get: fo = 0.74 £ 0.25(stat) + 0.06(syst)
and fy = —0.06 £ 0.10(stat) £ 0.03(syst). In ad-
dition, fo (f+) is measured by keeping fi+ (fo)
fixed to the SM expected values. The results are:
fo =0.61 £0.12(stat) = 0.06(syst) with f, = 0.0;
and fi < 0.11 at 95% CL with fo = 0.7. The
measurements are consistent with the SM expec-
tation. However, currently the analyses are lim-
ited by statistics.

5. Top Quark Charge

The SM predicts the charge of the top quark
to be +2e¢/3. In order to confirm that the ob-
served particle with mass ~ 171 GeV/c? is the
SM top quark we measure its charge. Most of
the measurements using #t events pair a W with



a b-quark. For W — fv, the charge of the W is
known from the charge of the lepton. However,
we do not distinguish between a b-quark and b-
quark. Therefore, the charge of the Wb pair can
be +2e/3 or —4e/3. It has been postulated [16]
that the observed quark with mass ~ 171 GeV /c?
has a charge of +4e/3 and is not the SM top
quark.

Both CDF and DO experiments perform mea-
surements [17,18] to distinguish between +2e/3
and —4e/3 scenarios. Here we discuss the CDF
analysis [17]. The top charge is measured in
lepton+jets and dilepton channels. There are
three main components to this measurement:
(1) the charge of the W: determined using the
charge of the lepton(s); (2) the flavor of the b-
jet: obtained using weighted jet charge algorithm:
Qb—jet = (22; 0:-(9i-0)*°)/ (32;(5:-2)"°), where g;
and p; are the charge and momentum of the tracks
within the jet, and 4 is the jet axis; and (3) Pair-
ing the W with the b jet to ensure W and the b
jet come from the same top decay branch.

In the CDF data 62 pairs with charge +2e/3
and 48 pairs with charge —4e/3 have been ob-
served. The result is obtained using a profile like-
lihood which uses observed number of data events
and incorporates the purities for jet-charge algo-
rithm and Wb pairing. We find that the charge is
consistent with the +2e/3 hypothesis. The analy-
sis exclude charge —4e/3 scenario with 81% con-
fidence, where the probability of incorrectly re-
jecting the SM is a priori defined to be 1%.

6. EW Single Top Production

The single top production is an important and
interesting process. In the SM context it provides
the only way to directly measure the CKM matrix
element |Vj3|, and can be used to test the V-A
structure of the top charge current interaction.
The single top rate is also sensitive to beyond
SM physics [19]. The SM expectation of single
top production in s- and t-channel combined is
about 2.9 pb [5].

Here recent CDF and DO searches for single
top production are discussed [20-24]. The major
obstacle in finding single top is the large back-
ground. The leptonic W decay channel is used
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in order to reduce multi-jet backgrounds. Events
are required to have high-energy e or u and large
MET. The CDF analyses use events with ex-
actly two high energy jets, which is the most sen-
sitive search region. The D0 analyses use events
with two, three and four jets; events are analyzed
in different subsets to take advantage of relative
signal-to-background fractions (S/B). Both CDF
and DO analyses require at least one of the jets
to be an identified b-jet, which is crucial for sig-
nificantly improving S/B. The signal and back-
ground expectations and data yields are listed in
Table 1. In the W+2 jets sample the S/B are
~ 1/15 and ~ 1/19, respectively, for CDF and
DO experiments.

In order to extract single top signal from the
challenging background dominated dataset both
experiments use various multi variate techniques.
The CDF experiment uses NN [20], likelihood dis-
criminant [21] and matrix element (ME) discrim-
inant [22]. The D0 experiment also applies thee
methods [23]: boosted decision tree (DT), ME
discriminant and Bayesian NN.

The expected sensitivity and observed result
from each method and combined DO measure-
ment [24] are listed in Table 2. The DO decision
tree measurement has a significance of 3.40, and
is the first evidence of single top production.

7. Search for Beyond the SM processes

Many beyond SM theories predicts resonant tt
production from massive Z' boson [25] decay and
resonant tb production from massive W' boson
[26] decay. The tt and single top channels are used
to search for Z' and W', respectively [27,28]. Here
the recent measurements from the CDF experi-
ment are mentioned. Resonant ¢f and tb produc-
tions are modeled by heavy neutral and charged
bosons, respectively, with SM-like coupling to
fermions. Analyses assume a narrow width for
the resonances.

The ¢t and tb invariant mass spectra are stud-
ied and limits on resonant production mechanism
are set as a function of the corresponding reso-
nance mass. The limits are used for constraining
some of the theory models. For example, from
tt resonance searches a leptophobic Z' predicted
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Table 1
Expected single top signal and background and observed number of data events.
at CDF at DO
W(lv) + 2 jets | W(lv) + 2 jets W (lv) + 3 jets W (Lv) + 4 jets
Single top: s-channel | 15 + 2 16 £ 3 8§ +2 2+1
Single top: t-channel | 22 + 4 20+ 4 12+ 3 4+1
Total background 549 + 95 686 + 41 460 + 39 253 + 38
Observed 644 697 455 246
Table 2

Results and expected sensitivity from various multi variate analyses used for single top searches.

Multi variate Methods  Expected Significance

Measured Cross section

Significance of the

at the SM rate Combined s- and t- channel Measurement
(pb)
NN (CDF) 2.60 0.0732 (<2.6 at 95% C.L.) -
Likelihood (CDF) 2.00 0.3712 (<2.7at 95% C.L.) -
Matrix Element (CDF)  2.50 2.7+15 2.30
Decision Tree (DO0) 2.10 49+14 340
Matrix Element (D0)  1.80 4.6%7% 2.90
Bayesian NN (D0) 1.30 50+£1.9 240
DO Combined - 48+1.3 3.50

by the topcolor theory [25] is ruled out below 720
GeV/c? at 95% CL. The tb resonance search ex-
cludes W' mass my less than 760 (790) GeV /c?
for mwr > my, (mwr < myy) [26] at 95% CL.

8. Conclusion

The the recent results from the measurements
for top-quark properties at the Tevatron are pre-
sented. Many interesting measurements with the
tt sample, search for single top production and
beyond SM physics searches with the top samples
are discussed here. Besides some of the cross sec-
tion measurements most of the measurements and
searches are limited by statistics. Even though
the Tevatron has about twenty times larger ¢
sample compared to that in Run I, the current
samples consists of few hundred signal event.
Most of the analysis will be updated with about
2 fb~! data by the end of this year. With the
increasing dataset (6-8 fb™! by 2010) the true na-

ture of the top quark will be further unveiled.
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Figure 2.
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Measurements of the ¢t production

cross section at /s = 1.96 TeV for m; = 175

GeV/c? performed

by the CDF (top) and DO

(bottom) collaborations.



